S i ol k- A Antloia® Aall Al " A @* S AT A A 0%

NN RS Tw

TeTwT 4

ANV /R W,

M Al R

-_,,«u-J-J-.:v.-u-';-.~~.'.'4‘w"~‘lT
TN

Nead: U

WENTATION PAGE

LRVR s j Form Approved

OMB No 0704 0138

2b. DECLASSIFICATION ' DOWNGRADIN

‘o RESTRICTIVE MARKINGS

4 PERFORMING ORGANIZATION REP

=
5 MONITORING CRGANIZATION REPORT NUMBER(S!

3 DISTRIBUTION  AVAILABILITY O REPORT

Fomprme Wl e
LD SR S S S VNS FE DR

AFOSR-TR. f7-2n34

6a. NAME Of PERFORMIN:', ORGANIZ

Rensselaer Polytechnic

co

6b i
o

plicable)

7a NAME OF MONITORING QRGANIZATION

AEUSRINM

6c. ADDRESS (City, State, and ZiP Code)

7b ADDRESS (City, State. and ZIP Code)

™ v A T N — ooy .
frov, NY [2180-3%40 Lif)w‘l"l; ARB, Ddo20332
Pa. NAME OF FUNDING . SPONSORING iy CEEE 5 MROL 7 PROCLREVIENT NSTRUMENT IDENTIFICATION NUMBE?
QRGANIZATION (1f apphcabie)
AFOSR M ALUSR-23-0]2]
8c. ADDRESS (City, Stite, and ZIP Code) 1) SOURCE OF FUNDING NUUMBERS
‘ \ PROGRAM PROJECT TASK NoRK N
\’ BOlanq AFB, Do 20332 ELEMENT NO NO NO ACLESSON N
: gL or PR Al
X 11, TITLE (Include Security Classification)
i r2edback Control of [ istr Choaaramerer Systems with Applications to 50

12 PERSONAL AUTHOR(S)

Mark J. Baias
138 TYPE OF REPORT 136 TIME COVERED ) 14 DATE OF REPORT (Year, Month, Day) 15 PAGE COUNT
Final FROM 1AJIG/ & 3 o [ /57 87 10 19 27

16. SUPPLEMENTARY MOTATION

COSATI CODES

‘B0 LBLECT TEAMS (Continue on reverse if necessary and identify by hiock number)

FIELD GROUP SUB-GRO,P

19 ABSTRACT (Cantinue on revarse f necess ry and dle~t bt by Siock ~umber)
. Largs space stouchurae:s LTS B OTE T oP s VAR R G STR s DR RPN IR G IS SRR S CI
' Adynamiaos and o nus mus”t ot = dimensional o srata- !
: chv'uwr, the contol Loy o am e =drmensiona o te e ‘B
: Tne focus of thls ros make tant e =dimenseonal o oannroam oo
! St Infinitre-dimension ; v Vi e rabarrecl ‘
| NS SRR R UL A S O B a T S ST S U PN U NS SRS B I ‘
i ALY TR T e i ! v I A S B
| ‘ N G B R G R .
|
v
: 20 DISTRBLUTON A A ARILT T AT ARTRACT SES T 0 AR CAT ON
| (kv assimen e [ sane o e f e
: 223 NAMFE OF RESPONSILE NOIy T 4y TR ":Jr- </ryar/?)dn Arpqnodp) R L e N T
' James Moo row e, M), A A PRGBS
' DD Form 1473, JUN 86 0o msorere s AThEcAT
| Rk g@m
P4 RN
! . LIS A



N——— el R Lt ot 2R R G LS Al Bl O fas dad Sl g il ot il il Al Sl Snll Sl tfh Sl il Sal fad Ll SR AR bbbl DSl

AFOSR-TR- 8 7-2034

RS JafLuiut

ﬁ Final Progress Report on AFOSR Grant No. 83-0124
" .
”
FEEDBACK CONTROL OF DISTRIBUTED PARAMETER SYSTEMS
o] WITH APPLICATIONS TO LARGE SPACE STRUCTURES
g

12/28,/83 - 9/1/87

Principal Investigator:
Mark J. Balas

Formerly with

Electrical, Computer and Systems Engineering Department
Rensselaer Polytechnic Institute
Troy, New York 12180-3590
(518) 266-6683

On sabbatical leave for 1985/86 at

Laboratory for Electromagnetic and Electronic Systems
Massachuseits Institute of Technology
Cambridge, MA 02139
(617) 253-2068

Presently with

Department of Aerospace Engineering Sciences and
Center for Space Structures and Centrols
(“niversity of Coliorado
Campus Box 429
Bonlder, Colorado 80309-0429
1303) 492-3177

IR T I RARA R 7 sl o = s~ SRRRARANR  ERERRA A b o RARRIE S XX R bl o

POl ol e B g o202 b

N P, r e e < = e w aw Y B YRPLSS WF( AT R R R Y “,'1_’-"’._-(*'1 A A o "..f" ",',.d
' % od '#' U4
:{:ﬂ;ﬁﬁ-{l&mﬁx‘u&i‘:i‘:ﬁ;j j I ‘1"5'?':'.‘:'.":{;‘;5}‘1‘.%)\.{{_ a2V 010500 VSIS INIL LN IR IS PLIr LI RO



-, ¥ Al ' 2on 4 - " Rl 2l Al Sof Aot LV SoF Shi Sub Sal SR' SRt Rh J SR MR
o dka dlaak dFa Rl asn Alae At dde ASee Al AER it AN \n Ain gla ada AFn ava Ve Sip gt g gthd A e i Al g Aod W bl _Bal Aokt 4 wow » v 4

1.0 igd i si ntroller igjte-Dimensjiona st em

Masy engineering systems, such as large serospace structures,
exhibit distributed parsmeter system (DPS) behavior and their dynamics
maust be described on infinite-dimensional state-spaces, The most
fundamental constraint for feedback coantrol of DPS is that the controller
algorithm be finite—dimeasional in order to be realized with an omline
computer and a figite nmmber of coantrol actuators and seasors, This is
aspecially serious since there is no guarantee that a finite—dimensional

controller can stabilize a DPS; in fact, there are examples to the

contrary.

iV aTOUL L AL, VLA AN L RSP  La SR S e TR

The most obvious, and most often used, approsch to design of
finite—dimensional controllers for DPS is to make a finite-dimensional
approximation, i.e. reduced-order model (ROM), of the open—loop DPS and
then design the controller directly from the ROM. In particular, when
the exact modes of the DPS are known, such a controller can be designed
from a low-order modal approximation, however, this does not necessarily
lead to a stable closed-loop design.

We have taken a very different apprcach: make finite-dimensional
ayproximations of infinite—-dimensional controllers which stabilize the l

DPS. We concentrate onmn exponential stability, rather than weak or

strong, stability of the DPS becanse of its robustness to bounded 1
perturbations,. We have saown conditions under which Galerkin :

approximation schemes of & quite general nature can yield
finite-dimensional stabiliz:oy coantrollers for linear DPS, Furthermore,

in the special case where the modes of the DPS are known, this leads to a
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special form of the controller: it is the old modal controller augmented
by a residual mods filter which counteracts the observation spillover
temms in the sensor outputs to produce stable closed-lcop operation.
Even when exact modal knnwledge is not available, good approximate modal
data can be used effectively for such designs,
2.0 Direct Adaptjve Contro]l of Linesr DPS

To our kanowledge there has gever been a proof of stable adaptation
of a finite-dimensional adaptive algorithm in closed-loop with a linsar

DPS. In aaalytical tems this is a nonlinear, time-varying, infinite—

T T O X TR T T T T R b TS e Ja W b - F:""ﬁ'j“,

dimensional stability problem, We have taken a model reference adaptive

control approsch using command generator tracker comcepts to produce a

finite-dimensional direct adaptive controller for linear DPS defined on

F Y R

Hilbert spasces, We have shown that such schemes are Lagrange stable,
i.e. all trajectories enter a small neighborhood of the origin and never

leave; the size of this neighborhood can be estimated; see Ph.D, Thesis

of J. Wen.
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Abstract

Modal control has often been proposed as a way to design stabilizing low or-
der controllers for Distributed Parameter Systerus (DPS). However, it is weil
known that such controllers, designed frorn a reduced order modal model,
do not necessarily stabilize the actual DPS. In this paper, we prove that
exponential closed—lool:.t stability can always e achieved by the addition of
a very low order Residual Mode Filter (RMF, Due to the uncertainty of
modal data for the Large Space Structure (LSS), a real-time adaptive con-
troller has been designed and tested suscessfully viz computer simulation.
The controller, implemented in a digital minicomputer, consists of a modal
Reduced-Order Model (ROM) controller, a bank of RMFs and a bank of
Frequency Locked Loops (FLL) with associated bandpass filters for real-
time parameter identification. Three DPS examples: A simply supported
Euler-Bernoulli beam, a telegraph equation and a Space based Laser (SBL)

beam expander are presented to illustrate the application of this concept.
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ABSTRACT

For distributed parameter systems (DPS). which are inherently infinite

dimensional. a full order compensator 1s not feasible and reduced order

»%c%aa zEE 2 4 2 B S S

compensators must Se designed. Often reduced order compensator designs are

;: based on a reduced order model (ROM) of the system. Issues related to such
._ compensators are the subject of this thesis. and algebraic techniques are the
‘ main tool used to study them. Using a special kind of fractional
S representation. we obtain several properties of a parametrization of stabilizing
;.;.; compensators including a bound on the order of a stabilizing compensator.
2 Using this fractional representation for the ROM. a new method for the design
:f:.‘ of reduced order stabilizing compeisators is developed. The method is sunple
.',':“ to use and is illustrated by an example in which we design a first order

| stabilizing compensator for an unstable DPS governed by the telegraph
E:; equation. The method can be extended to nroblems where features such as
'3'.. sensitivity minimization and disturbance rejection are additional design goals.
' ",

X4

We show that everv exponentially stabilizing compensator is in fact an

. observer-pased compensator for a ROM of a stabilizable and detectable
:-:: realization of the plant. Moreover. this ROM 1s associated with a pair of
:»a stabilizing subspaces for the svstem. We also studied properties of a fixed
:!“ order optimal LQG compensator. which are known to be observer-based
"?_: compensators for a ROM of the svstem. We show that a fixed order optumal
¥y LQG compensator 1s also nptimal tor another realization of the plant. and here
2 again the ROM 1z a::ociated with stabilizing subspaces.  Under some
:3 conditions. the compen:ator :: related via modal projections to cthe full order
::::' opumal LQG comaenza .-
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ABSTRACT

Though great advances have been reported in adaptive control
for single-input/single-output (SISQ) systems and some
multi-input/multi-output (MIMQO) systems, a large amount of a priori
structural information of the plant is needed for mnst of the methods
proposed. This is unsatisfying because all physical systems have some
unmodelled dynamics and structure and operate in noisy environment.
In fact, in many high performance control system design, the
distributed nature of the piant must be taken into account. These
distributed parameter systems may be modelled by delayed differential
equations, partial differential equations or integral equations. They
must be analysed in the appropriate infinite-dimansional state spzce.

A particular approach, model reference adaptive control (MRAC)
with command generator tracker (‘CGT) concept, adopts a set of
assumptions that are not system dimension dependent. The method has
been agpplied successfully to some finite-dimensional systems and show
promise for the infinite-dimensional state space generalization. In this
thesis, the scheme is modified in order to make the transition of this
theory from finite dimensions to the infinite-dimensional Hilbert Space
mathematically rigorous. As a bonus, the modified scheme also
improves performance in the finite-dimensional case in terms of rate of

convergence, robustness with respect to unmodelled dynamics, input

and output disturbances anc oparamete: variation. We have also relaxed

the model matching cznz.ton o an asymptotic form. The proposed

modification can also 2e i1zoned t3 other adaptive control schemes

yielding improvement ‘n ~<5ustness. Three DPS examples, heat
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equation and beam equation with marginally stable rigidbody mcdes and
first order delay equation, and many finite-dimensiona! examples are

given to illustrate the application of this scheme.
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ABSTRACT

Cnontrol of rhe distributed paramn.. aystems (DPS) usually in-

volves dynamical descriptions on infinite-a aensional Hilber: or Banach

LAAPIW. ARG RNEN LIS

spaces of functions. For a linear stabilizable and detectable DPS, an
infinite-dimensional feedback controller exists so that :the closed-loop
syatem is stable, However, this infinite-dimensional controller gener—
ally cannot be implemented with practical computers and devices.
Consequently, the reduced order modeling of DPS becomes extremely cruicial
for finite-dimensional controller design. In this thesis, Galerkin (or
finite element) methods are presented as a way to develop finite-

dimensional Galerkin couirollers by approximating the infinite-dimensional

PPN LS 73X s VR E Ry

stabilizing controller for a class of linear DPS. This {investigation
will give a very simple sufficient condition, i.e. the test of nonsin-
gularicy of a matrix fov a finite-dimensional Galerkin feedback controller

to perform as well as the infinite~dimensicnal stabilizing controller,
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ABSTRACT

A candidate method of on-line parameter estimation for
distributed parameter systems (DPS) has been tested in the case
of an elastic vibrating string via computer simulation. This
method incorporates the use of a constant-gain extended Kalman
filter, the design of which is based on a finite dimensional
approximation or reduced order model (ROM) of the DPS. Because
the unknown parameters are treated as additional ROM states to
be estimated by the filtar, the resulting filtering probiem be-
comes non-linear and is therefore linearized about a desired
DPS state to facilitate calculation of the filter gains. Time
varying error covariance update equations are not included for
on-l1ine implementation because of the computational burden im-
posed by relatively high filter order, and subsequently the time
invariant filter-gains are calculated by solving the steady state
Riccati error covariance equations. For successful filter opera-
tion the DPS must be kept away from its unforced equilibrium so
that the parameters are identifiabl..

Results from simulations of a variety of vibfating string
cases are promising and indicate that the designer has a fairly

high degree of .ontrol over filter performance.
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ABSTRACT

Many high performance systems wnust be .odelled by
partial differential equations. Generally speaking, it is not
possible to implement an infinite dimensional feedback controller
for these distributed parameter systems. It is proved that, for
a2 class of parabolic distributed paramater systems witn bounded
or unbounded feedback control and observation which satisfy

certain conditions, there exist finite dimensional compensataors.
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Abstract

Y ¥ ¥ 1N

Three distributed parameter mcdel!s for the lateral dynamic behavior of a *
moving web in an n-roller system were investigated. A span of web moving
longitudinally and under tension, was madeled as sithar a string, an Euler-Bernoulli
beam, or a Timoshenko beam. A quasi-static simplification based upon spectraf
separation was made to simplify the models. Boundary conditions at the web-roller
interface were determined from the kinematics of web roller interaction. /:Tfe_\ 7

(Ei’n'e?n'aﬂcs of web contact on a roller was also invesﬂgatewm/

introduced through the formulation of the boundary conditions. Closed-loop

b TEAAPURN: AW RN A

P

F )
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simulations, using a state space version of the simplified madel, were in agreement

with experimental results only when the web was modeled as a Timoshenko beam.

The model was manipulated into a form suitzable for modern muitivariable control |

design.
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Qisturbance rejection of a forced input was the objective of the control design.

"l

"Q It was shown that disturbance rejection can be achieved at a specified location in the
Ay

§ web path if one actuator is used in the control loop. More im}p;rtanﬂy. it was shown !
z; that complete disturbance rejection everywhere downstream o# the control loop is
e N :

§ possible if two actuators are used in the control system.
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ABSTRACT

We propose an on-line control approach which will adjust the \
steady-state shape of a large antenna arbitrarily close to any |
|
{

achievable desired profile. The method makes use of distributed

parameter system theory and allows refocusing using a limited number

of control actuators and sensors.

The controller gains are calculated by approxirating the

solucion to an infinite-dimensional optimal quasi-static control

problem. The Galerkin (finite element) approximation wethod is used

for model reduction. We prove that both galn and state convergence \

{
can be achiaved by using the proposed approximation scheme., We also !
prove that the performance index of the approximate controller

converges monotonically to the performance index of the infinite-

dimensional optimal quasi-static con rol problem. '
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- - SOME ASPECTS OF THE STRUCTURE AND STABILITY QF A |
CLASS QF LINEAR DISTRIBUTED SYSTEMS !
b
- - y
S Clas A. Jicobson (
- Department of Electrical, Computar, and Systems Engineering :
Rensselaer Pulytechnic Institute :
\ Troy, New York 121817 1
- |
- < ABSTRACT 1
_' - In thic paper the structure with respect to dynamic output |
-~ feedback stabilizability of a class of ] near distributed parameter systems \\
- - is examined. The class of Tinear distributed parameter systems considered ‘
Y are time-invariant state space systems an infinite dimensional Banach spaces |
- T with bounded sensing and contral. \
_I - Connections are made with the algebra of transfer functions developed ‘
- by Callier and [wscer and the state space systems under consideration. These |
|
- - connections show the necessity of an assumption used in the literature known ;
A | as the spectrum decompasition assumption for stata space systems which are
- exponentially stabilizable and detectable. Connections between input-
_l - output stability and state space exponential stability are made. These
v connections coupled with recent results of Nett on the parameterization of
- = all finite dimensional input-cutput stabilizing compensators allow the extensian
)| to be made to parameterize all finite dimensional exponentially stabilizing
- compensators far the class of state space distributed parameter systems
- under study.
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THE FRACTIONAL REPRESENTATION APPROACH TQ RQOBUST
LINEAR FEEDBACK DESIGN: A SELF-CONTAINEC EXPOSITION

by
Carl N. Nett

Oept. of ECSE
RPI
Troy, NY 12181

ABSTRACT

The problem of robust linear feedback design is addressed via fractional

representation theory. As such, the rasults pgresented nere apply to many classes

of MIMQ " inear systems of engineering i1nterest, including multidimensional, dis-
tributed, time-varying, and discrete-time systems.

The expasition is essentially self-contained and begins with a consoiidation
and slight extension of previous work in the area of fractional representation
theary. The theary is then extended ta encompass the problem of robust regula-
tion, which consists of tracking and. disturtance rejection in the face of plant
uncertainty. In particular, a necessary and sufficient condition for robust
requlation is derived in the farm of an intermal madel pr1nc1pfe, from which
it follows that robust tracking is equivalent to robust disturbance rejection.
The set a7 all robust reguiators af 3 aiven plant is then characterized in
terms of the set of all stabilizing controllers of a related plant. This allaows
develapment af an explicit a“#ne carimeterization of the set of all robust

requlators of a given plant. ~=°5 -2suit appears to be particularly useful in

the design of optimi’ sensi= v <, ~72.us5: reguiators, as it is shown that such a

design can be farmulated in z2~: :° 2n sztimal sensitivity stabilizing controller

of a related plant.
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In conclusion, the Qidespread applicability of the theary and its utility ﬁ
in design are demonstrated by giving essentially complete results cancerming
the problem of finite~dimensional robust regulat:an of LTI distributed
systems. Necessary and sufficient conditions 3re given for the existence
of a proper finite-dimensional robust requlator of a given strictly proper
distributed plant. An explicit affine parameterizaticn of a set of robust
regulators is given, and it is shown that this set cchtains the set of all
proper finite-dimensional robust regulataors as a dense subset. This allows
an "optimal" design to be selected from the first set, ana the optimal
performance to be approximated arbitrarily clo” Ty with a finite-dimensignal
design. A1l results are constructive in nature, and hence farm the basis

for a practical design methodolagy.
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